Objective: Myotonic dystrophy type 1 (DM1), the most prevalent inherited neuromuscular disease in adults, is a genetic multisystem disorder with a well-established but not well-characterized cerebral involvement.
Introduction
Myotonic dystrophy type 1 (DM1), or Steinert's disease, is the most prevalent muscular dystrophy in adults, affecting at least 1 in 8,000 people worldwide. It is a multisystemic disorder with effects in muscular, ocular, gonadal, cardiac, endocrine, and neurological systems. Although the congenital onset form of the disease is often associated with significant intellectual impairment, adult-onset DM1 is characterized by average or low average intelligence quotient, often accompanied by impairments in attention, memory, visuospatial and executive functions, hypersomnia, and behavioral problems (Meola & Sansone 2007; Meola et al., 2003; Weber et al., 2010 ).
Steinert's disease is an inherited autosomal dominant disease caused by the dynamic and unstable expansion of a trinucleotide CTG repeat motif in the 3'UTR of the DMPK gene located at q13.3 on chromosome 19. Affected individuals carry CTG copy numbers greater than 50 and present a highly variable phenotype, ranging from asymptomatic to a severe congenital form of the disease. Expansion of the CTG repeat is correlated with disease severity and with the anticipation of age of onset. The toxic effect of these CTG expansions seems to be associated with the expression of mutated DMPK RNA. (Caillet-Boudin et al., 2014; Itoh et al., 2010; Jiang, Mankodi, Swanson, Moxley & Thornton, 2004) .
Although the pathophysiology of the brain changes in DM1 remains unexplained, several studies have described the presence of neurofibrillary tangles (NFTs), thus relating this disorder to a subset of neurodegenerative diseases termed tauopathies (Caillet-Boudin et al., 2014; Itoh et al., 2010; Meola & Sansone 2007; Oyamada et al., 2006) . NFTs result from the aggregation of hyperphosphorylated microtubule-associated tau proteins and are found in the limbic system, inferior temporal cortex, and the brain stem (Itoh et al., 2010; Oyamada et al., 2006) , with a pattern similar to that seen in normal brain aging. The density of distribution of NFTs is not correlated with clinicopathological findings (Oyamada et al., 2006) . Postmortem studies have described neuronal loss in cortical and subcortical cerebral regions and increased cerebral perivascular Virchow-Robin spaces. Rarefaction in the deep white matter (WM), with loss of axons and myelin, capillary hyalinization, and mild gliosis, has also been reported (Di Costanzo, Di Salle, Santoro, Bonavita & Tedeschi, 2001a; Itoh et al., 2010; Ogata, Terae, Fujita & Tashiro, 1998; Renard & Taieb 2014) .
Conventional magnetic resonance imaging (MRI) studies have shown the presence of cortical atrophy, ventriculomegaly, subcortical or periventricular white matter lesions (WMLs), and dilatation of perivascular spaces. Several authors have emphasized the characteristic location of anterior temporal lesions (Censori, Provinciali, Danni & Provinciali, 1994; Di Costanzo, Di Salle, Santoro, Bonavita & Tedeschi, 2002; Hashimoto et al., 1995; Huber et al., 1989; Kornblum et al., 2004; Kuo, Hsieh, Wang, Chuang & Huang, 2008; Miaux et al., 1997; Ogata et al., 1998; .
Some functional MRI studies have found alterations such as a greater activation during motor tasks (Caramia et al., 2010) or an alteration of functional connectivity with resting-state fMRI (Serra et al., 2016) in DM1 patients. Positron emission tomography (PET) studies have shown hypometabolism in frontal and temporal regions Weber et al., 2010) and single-photon-emission computed tomography (SPECT) studies have demonstrated hypoperfusion in frontal and parietooccipital regions (Meola et al., 2003; . In an ultrasound study, a relationship between mesencephalic raphe echogenicity and daytime sleepiness was reported .
Widespread abnormalities in normal appearing white matter were found using different imaging techniques, including magnetic resonance spectroscopy (Takado et al., 2015) , T2 relaxometry (Di Costanzo, Di Salle, Santoro, Bonavita & Tedeschi, 2001b) , or magnetization transfer MRI (Naka et al., 2002) .
Nowadays, quantitative MRI techniques can more precisely depict cortical and WM abnormalities. Few studies have been performed in patients with DM1 with contradictory results regarding its relationship with clinical and neuropsychological symptoms. Volumetric studies have demonstrated a general and differential regional loss in gray matter volume (Antonini et al., 2004; Giorgio et al., 2006; Schneider-Gold et al., 2015) , and several DTI studies (Baldanzi et al., 2016; Caso et al., 2014; Franc et al., 2012; Fukuda et al., 2005; Minnerop et al., 2011; Ota et al., 2006; Takaba et al., 2003; Wozniak et al., 2011 , Wozniak et al., 2014 Zanigni et al., 2016) have also reported widespread microstructural WM damage.
The aim of this study was to evaluate the presence of white matter and gray matter abnormalities in DM1 patients and to investigate their relationship with neurocognitive status.
Methods

Subjects
42 patients with genetically confirmed adult onset DM1 (22 women and 20 men, aged 18-50 years, mean age 37.3), were recruited in the neuromuscular clinic. Participants were excluded if they had a history of brain injury or if MRI was contraindicated. Two patients did not undergo the MRI because of claustrophobia and were excluded from the imaging analysis. A total of 42 age-and sex-matched healthy adults recruited from the community, without history of neurological or psychiatric disorder or brain trauma, were included as a control group.
All subjects underwent a clinical evaluation and neuropsychological testing. Neurological evaluation included data collection about vascular risk factors, cardiac and respiratory abnormalities and daytime hypersomnia. None of the patients presented motor or coordination disability sufficient to interfere the neuropsychological evaluation. All of them had finished at least primary studies and were autonomous for activities daily living.
The study was reviewed and approved by the local ethics committee and written informed consent was obtained from all participants.
Neuropsychological Tests
The battery of tests used in this project included the following measures: Digit Span of Barcelona Test Revised (Peña-Casanova, 2005) , Trail Making Test -Part B (Reitan & Wolfson, 1993) , Letters and numbers of the WAIS-IV (Wechsler, 2007) , Cubes of the Barcelona Test Revised (Peña-Casanova, 2005) , Continuous Performance Test (CPT) -3rd Edition (Conners, 2013) , Benton Visual Retention Test (Benton, 1981) , Verbal learning Spain Complutense Test -TAVEC (Benedet & Alejandre, 1998) . In addition, the following functionality scales and three psychopathology questionnaires were employed: Interview for Deterioration in Daily Living Activities in Dementia (Teunisse, Derix & Van Crevel, 1991) , the Dysexecutive Questionnaire (Wilson, Alderman, Burguess, Emslie & Evans, 1996) ; Symptom Checklist-90-Revised (Derogatis, 2002); Hamilton Rating Scale for Anxiety (Hamilton, 1959) and Beck Depression Inventory II (Beck, Steer & Brown, 2011) . Regarding the functional scale, and even though the IDDD was specifically designed for early detection of functional decline in Dementia patients, it was selected because of the variety of basic and complex daily activities it covers, not always included in other neuromuscular functional scales. All tests, except for the CPT test (Conners, 2013) , were adapted to spanish population and carried out in one of the cooficial languages (Spanish). The CPT correction was based on the recommendations of the author.
To simplify neuropsychological test results, scores were grouped by cognitive domains, assigning a value of 0 to impaired and 1 to preserved.
MRI Acquisition
MRI scans were acquired on a Siemens 1.5 T Avanto scanner (Erlangen, Germany) with an eight-channel parallel array head coil.
Structural T1 images were acquired using an axial 3D MPRAGE sequence (TR = 1,600 ms, TE = 4.24 ms, TI = 600 ms, FOV 230 mm, 192 slices, 0.9×0.9×0.9 mm 3 voxel, flip angle = 15). DTI was performed using an axial echoplanar diffusion weighted imaging sequence (TR = 4,200 ms, TE = 90 ms, FOV 240, 32 slices, 1.9×1.9×3 mm 3 voxel, 30 directions with b value = 1,000 s mm
). T2 weighted images were acquired using a TSE axial sequence (TR = 4,000 ms, TE = 98 ms, FOV 230 mm, slice thickness 5 mm, gap 0, flip angle 150) and FLAIR coronal sequence (TR = 9,000 ms, TE = 109 ms, TI = 2,500, FOV 260 mm, 5 mm thick, gap 0).
MRI Analysis
The severity and location of white matter hyperintensities were assessed in the T2-weighted sequences using the Wahlund scale, a visual rating scale for age-related white matter changes (ARWMC) (Wahlund et al., 2001 ). This scale was used recently in DM1 patients (Minnerop et al., 2011; . WMLs > 5 mm are graded within four regions, separately for each hemisphere, ranging from 0 (no lesions) to 3 (diffuse involvement).
Cortical reconstruction and volumetric segmentation was performed using the Freesurfer® image analysis suite (http:// surfer.nmr.mgh.harvard.edu/). This processing includes automated Talairach transformation and segmentation of the WM and deep gray matter volumetric structures (including hippocampus, amygdala, caudate, putamen) . The gray/ white and gray/cerebrospinal fluid borders are optimally placed at the location where the greatest shift in intensity defines the transition between tissue classes (Dale, Fischl & Sereno, 1999) . This analysis provided the following data of interest: volumes of subcortical gray matter structures, volume of cortical gray and white matter, and area of cortical parcellation units (Desikan et al., 2006) . Diffusion data were processed using the TRACULA pipeline (Yendiki et al., 2011) , included in Freesurfer, and the tools provided in the FSL suite (Smith et al., 2004) . The first steps of TRACULA create fraction anisotropy (FA), mean diffusivity (MD), axial diffusivity (AD) and radial diffusivity (RD) images by fitting a tensor model to the raw diffusion data and perform intra-subject registration, aligning low-b diffusion (B = 0) and T1 images. Inter-subject registration follows, computing the transformation from each individual's T1 image to the MNI template. With these transformations, diffusivity data (FA, MD, AR and RD images) for all subjects were then aligned both to their respective T1 volume and into a common space. Since subcortical structures had been previously segmented, they could be used as regions of interest (ROI) in the T1-aligned scalar diffusivity images to compute mean FA and MD values in white matter as well as mean MD in deep gray matter structures. Voxelwise statistical analysis of the FA data was carried out using Tract-Based Spatial Statistics (TBSS) (Smith et al., 2006) . From the common space FA images, the mean FA image was computed and thinned to create a mean FA skeleton which represents the centers of all tracts common to the group. Each subject's aligned FA data were then projected onto this skeleton and the resulting data fed into voxelwise cross-subject statistics. This last step is repeated with other diffusivity measures (MD, AD, and RD) for their voxelwise statistical analysis.
Statistical Analysis
Demographic, clinical, and neuropsychological variables and WML load were compared between groups using the Pearson chi-squared test for categorical variables and Student's t and Mann-Whitney U tests for continuous variables. Spearman's correlation was used to find relationships between ordinal variables. p < .05 was considered to indicate statistical significance. All analyses were performed using the SPSS 20.0 software package.
Inter-group differences in subcortical and cortical units volume, and ROI mean diffusivity data (mean FA and MD in white matter; mean MD in subcortical structures) were assessed using ANCOVA with paired data. Different covariates were considered for each data type, attending to their dependence on extraneous variables. For subcortical structure volumes, volume of white matter, volume of gray matter, and volumes of cortical parcellation units, age and estimated intracranial volume were included as covariates. In the case of mean FA, MD in white matter or subcortical structures, only age was taken as covariate.
The relationship between volumes of subcortical structures and neuropsychological categorical variables was assessed through a general linear model, which included age and estimated intracranial volume as covariates. Similar analysis were carried out to find relations between diffusivity measures (mean FA and MD in white matter structures, mean MD in subcortical gray matter structures) and neuropsychological variables. In this case, age was included as covariate.
Finally, ANCOVA was used to compare white matter FA and MD in patients with and without WMLs. A patient with a total Wahlund score of 0 was considered free of WML. Patients with a score greater than 0 were included in the WML group. Again, age was included as covariate. In all cases, the level of significance was set at p = .05.
Voxelwise FA statistics were performed using a permutation-based inference tool for nonparametric statistical thresholding, adjusting for the subject's age. The number of permutations was set at 5,000. The resulting statistical maps were thresholded at p = .05 and corrected for multiple comparisons at a cluster level using the threshold-free cluster-enhancement option.
Results
Clinical and Neuropsychological Findings
Patients and controls were similar in age and sex, but patients had fewer years of education. Table 1 compares our findings for several measures of clinical and neurocognitive performance.
With regard to the psychopathology results, the sample did not show clinically significant depressive or anxiety symptoms, according to the clinical criteria established in both questionnaires (Hamilton, 1959; Beck et al., 2011) , although a statistically significant difference was found between patients and controls. Somatic domains with significantly higher scores in the patients group on the Symptom Checklist-90-Revised (Derogatis, 2002) were paranoid ideation, depression, obsessivecompulsive, and interpersonal sensitivity. As regards specific cognitive functions, visual-constructive and visuospatial functions, in addition to alternating attention, were the most remarkable deficits. The results in these tests, as well as those in the working memory test, were lower than those for the controls. Specifically, patients made mistakes in copying test figures (Benton Visual Retention) (Benton, 1981) , and the scores in Cubes (Peña-Casanova, 2005) correspond to a percentile lower than 5, which is suggestive of deterioration. The results for the Spain Verbal Learning Test -Complutense (TAVEC) (Benedet & Alejandre, 1998) as a measure of verbal short-and long-term memory were highly variable. Moreover, sustained attention scores were within the normal range, as also found for the controls. Data from functional tests showed executive difficulties and functional autonomy in daily life.
MRI Results
Grading of white matter hyperintensities. WMLs were more frequent in patients (77.5%) than in controls (23.8%), with significantly higher scores in terms of total WMLs, and in frontal, parietooccipital, and temporal regions. Lesions were more prominent in frontal and temporal white matter, and anterior temporal lesions were only found in the patient group (60%) (Table 2) (Fig. 1) .
A higher rate of WMLs in patients was associated with age (p = .003) and visuospatial function impairment (p = .025).
Diffusion tensor imaging. Compared with controls, patients presented a generalized lower fractional anisotropy in association fibers, corpus callosum, and projection fibers, sparing the posterior limb of the internal capsule (Fig. 2) . Patients also showed higher MD, AD, and RD in white matter of the aforementioned areas. ROI analysis yielded higher MD in patients with respect to controls in the thalamus (p < .001), caudate (p < .001), putamen (p < .001), globus pallidus (p = .002), nucleus accumbens (p < .001), ventral diencephalon (p < .001), hippocampus (p < .001), and amygdala (p < .001) bilaterally.
An association was found between MD and FA in the posterior corpus callosum and visuospatial impairment (p = .007). No other significant relationship was found with other neuropsychological variables.
The average FA in white matter in both hemispheres was lower in patients with WMLs than in patients without WMLs (p = .008 and p = .012 for right and left hemispheres respectively). Similary, the average MD was higher in patients with WMLs (p < .001 and p = .004 for right and left hemispheres respectively).
Volumetric study
Compared with controls, patients presented an enlargement of the ventricular system (p < .001) and a reduction in cortex volume (p < .001) as well as an increased rate of cortex volume loss associated with age (p = .016). Various cortical regions, including pre-and postcentral areas, superior frontal gyrus, medial and lateral parietal cortex, superior temporal gyrus, transverse gyrus, lateral occipital and pericalcarine cortex bilaterally and right lateral orbitofrontal cortex, left posterior cingulated gyrus, left fusiform gyrus, left cuneus, and right medial temporal gyrus, presented a significant involvement (Table 3, Fig. 3 ). Additional subcortical gray matter alteration was detected in the thalami, putamen, nucleus accumbens, and ventral diencephalon (Table 4) .
The corpus callosum was involved in anterior (p = .006), medioanterior (p < .001), central (p < .001), and mediodorsal regions (p < .001). In all cases the volume was smaller in patients than in controls.
Daytime hypersomnia was associated with a volume loss in the right pallidum (p = .026) and right ventral diencephalon (p = .023). Visuospatial function impairment was significantly correlated with ventricle enlargement (p = .002) and volume loss in the central (p < .001) and anteromedial corpus callosum (p = .005), bilateral cingulated isthmus (p = .01 left and 
Discussion
We have presented an analysis of brain macro-and microstructure and function in a group of patients with DM1. Morphometric study revealed a marked and almost symmetric gray matter atrophy in patients, including cortical and subcortical structures, compared to healthy controls. Significant WMLs were found and a widespread abnormality of white matter was demonstrated by DTI in the patient group. Neuropsychological evaluation showed substantial impairment in several cognitive functions, although only visuospatial and visuoconstrutive ability impairment was correlated with WM abnormalities and cortical volume loss. We have demonstrated a high prevalence of WMLs in DM1 patients, correlated with the patient's age, mainly located in the frontal, temporal, and parietooccipital regions, as described previously in the literature (Censori et al., 1994; Di Costanzo et al., 2002 Huber et al., 1989; Kornblum et al., 2004; Kuo et al., 2008; Miaux et al., 1997; Minnerop et al., 2011; Ogata et al., 1998; . Myelin alterations, changes in interaxonal water, and dilated perivascular spaces may explain the increased T2 relaxation time (Di Costanzo et al., 2001a; Itoh et al., 2010; Ogata et al., 1998; Renard & Taieb, 2014) . Anterior temporal lesions represent a typical pattern of lesions in these patients, as we confirmed in our series, although their clinical correlation remains controversial (Kuo et al., 2008; Ogata et al., 1998; . Thus, Ogata and colleagues reported heterotopic neurons in this location that were not confirmed in subsequent studies (Ogata et al., 1998) . Several MRI studies have described an increase in WMLs with age and disease duration (Caso et al., 2014; Di Costanzo et al., 2002 Zanigni et al., 2016) , CTG expansion size , family history (Di Costanzo et al., 2008) , and some neurocognitive deficits (Caso et al., 2014; Weber et al., 2010) .
DTI has proved to be a useful tool for depicting WM microstructure and its architectural organization. Thus, DTI allows quantitative measurements of diffusivity and diffusion anisotropy along white matter tracts, with FA reflecting the directionality of diffusion and MD the magnitude of diffusion. In addition, AD corresponds to the diffusivity along the principal axis, whereas RD corresponds to the average of the diffusivities along the two minor axes (Beaulieu 2002; Smith et al., 2006; Song et al., 2002 Song et al., , 2005 . Intact membranes are confirmed to be the primary determinant of anisotropic water diffusion in white matter, with evidence suggesting that axonal membranes play the primary role and that myelination can modulate the degree of anisotropy. Furthermore, experimental studies have demonstrated an increase in RD without changes AD, which reflects demyelination and can be used to differentiate between myelin loss and axonal injury (Song et al., 2002 (Song et al., , 2005 .
Only a few studies have examined DM1 patients by DTI (Table 5) . Thus, Ota and colleagues studied the corpus callosum and suggested that the DTI abnormalities observed might be the result of wallerian degeneration of axons following atrophy in the cortical gray matter (Ota et al., 2006) . In contrast, other authors have argued against Wallerian degeneration, citing the predominance of WM disease in comparison to gray matter effects in DM1 (Minnerop et al., 2011) . Minnerop et al. reported abnormalities in WM tracts throughout the brain, including the corpus callosum, association fibers, and projection fibers, without association with neuropsychological performance (Minnerop et al., 2011) . Moreover, Fukuda and colleagues reported diffusivity changes in WML and normal appearing white matter (Fukuda et al., 2005 ) and Takaba and colleagues described a diffuse involvement except in the posterior limb of the internal capsule, as it was observed in our study (Takaba et al., 2003) . Note: Thal = thalamus; ca = caudate; pu = putamen; FL = frontal lobe; PL = parietal lobe; TL = temporal lobe; OL = occipital lobe; MMSE = Mini Mental State Examination. Wozniak and colleagues evaluated diffusion characteristics in seven tracts and found bilateral disturbances in all of them and a correlation with cognitive functioning, particularly working memory and processing speed (Wozniak et al., 2014) . The same group had previously reported diffuse WM abnormalities in a group of children and adolescent patients with DM1 in four ROI (Wozniak et al., 2011) . The same method was used by Franc and colleagues with similar results that were correlated with muscle involvement (Franc et al., 2012) . Caso and colleagues studied the largest series (a group of 51 patients) and found diffuse WM microstructural damage and a correlation with orientation and attention deficits (Caso et al., 2014 (Zanigni et al., 2016) and with mnesic and visuospatial domains and verbal memory (Baldanzi et al., 2016) . Noticeably, our study, including 40 patients with DM1, is one of the largest series and our findings support the presence of a widespread involvement of WM in this disease, as reported previously. In that regard, we found a diffuse decrease in FA and increase in DM, AD, and RD, with no differences among them that could suggest any specific substract underlying the WM abnormalities. These findings are in accordance with previous results reported by Wozniak et al. and they probably reflect an accumulation of changes that have occurred over time (Wozniak et al., 2011) . On the other hand, several studies have reported different volume changes in gray matter in DM1. Global cortical volume loss was widely described (Antonini et al., 2004; Baldanzi et al., 2016; Caso et al., 2014; Franc et al., 2012; Giorgio et al., 2006; Minnerop et al., 2011; Schneider-Gold et al., 2015; Weber et al., 2010; Wozniak et al., 2011; Zanigni et al., 2016) and regional cortical atrophy was reported in multiple areas in the frontal and parietal lobes (Antonini et al., 2004; Baldanzi et al., 2016; Caso et al., 2014; Minnerop et al., 2011; Schneider-Gold et al., 2015; Weber et al., 2010; Zanigni et al., 2016) , similar to our findings. Occipital involvement was only described by some groups (Antonini et al., 2004; Caso et al., 2014; Schneider-Gold et al., 2015; Zanigni et al.,2016) . Interestingly, we found a significant occipital atrophy associated with visuospatial impairment. Nevertheless, reported findings concerning temporal involvement were more variable. We observed volume loss in the lateral region, as several other authors formerly did (Antonini et al., 2004; Baldanzi et al., 2016; Caso et al., 2014; Schneider-Gold et al., 2015) , and in the fusiform gyrus, only described by Zanigni et al (Zanigni et al., 2016 ). Minnerop and colleagues described a preservation of the temporal lobe (Minnerop et al., 2011) , whereas only a few authors reported volume loss in the hippocampus (Caso et al., 2014; Weber et al., 2010; Zanigni et al., 2016) . We found increased diffusivity, without volume loss, in the hippocampus and amygdala as a result of microstructural damage. This outcome is consistent with pathological findings as most authors have reported the presence of NFT in the limbic cortex of DM1 patients (Caillet-Boudin et al., 2014; Itoh et al., 2010; Jiang et al., 2004; Oyamada et al., 2006) . However, we did not find a clinical correlation, which contrasts with the findings of Weber and colleagues (2010), who described an association with episodic memory dysfunction.
Regarding subcortical gray matter, we observed volume loss in bilateral thalami, the putamen, and nucleus accumbens, along with a diffusivity increase in these nuclei and in the caudate and nucleus pallidus. Several authors have reported volume changes in the thalami, putamen and caudate nucleus, (Antonini et al., 2004; Caso et al., 2014; Minnerop et al., 2011; Ota et al., 2006; Schneider-Gold et al., 2015 Weber et al., 2010 Zanigni et al., 2016) , although not in the nucleus accumbens, and none of them reported diffusion abnormalities. Notably, our findings suggest a wider damage to the subcortical nuclei than previously reported, with macro-and microstructure involvement, although the clinical significance of this finding still needs to be investigated. Pathologically, only cases of eosinophilic inclusion bodies (Itoh et al., 2010) and nuclear RNA foci (Jiang et al., 2004) in the thalami have been reported.
The neuropsychological evaluation of our patients showed significant impairment in visuospatial and visuoconstructive abilities, alternating attention and dysexecutive syndrome, as reported previously (Meola & Sansone 2007; Meola et al., 2003; Weber et al., 2010) , although only visuospatial and visuoconstrutive ability impairment was associated with WM damage and gray matter atrophy. Several studies have described a relationship between the extent of WM abnormalities and different cognitive deficits in DM1 patients (Baldanzi et al., 2016; Caso et al., 2014; Huber et al., 1989; Kuo et al., 2008; Ogata et al., 1998; Weber et al., 2010; Wozniak et al., 2014; Zanigni et al., 2016) , although other studies did not confirm these findings (Minnerop et al., 2011) . These controversial results can be attributed mainly to the high variability of the clinical presentation of DM1, which is based on the somatic mosaicism of CTG repeats, as well as differences in study design and population. Caso and colleagues (2014) and Minnerop and colleagues (2011) proposed a mechanism of multiple disconnection between gray matter structures secondary to WM tract breakdown as one of the most important factors leading to cognitive impairment in DM1.
Daytime sleepiness is a prominent complaint in DM1 patients. It has been hypothesized that it is not the result of sleep apnea and probably represents a direct effect of CNS lesions (Meola & Sansone, 2007) . We found a significant daytime sleepiness in the patient group, without ventilatory impairment, compared with controls, which was correlated with the presence of () right pallidus and ventral diencephalon volume loss. Caso and colleagues (2014) described an association between sleepiness and brain stem abnormalities. Wozniak and colleagues (2014) found a moderate association with MD in the superior longitudinal fasciculus and cingulum. Schneider-Gold and colleagues (2015) did not find any correlation with gray matter and WM volumes in DM1 patients.
Physiopathology of cerebral involvement in patients with DM1 remains unclear. There is some controversy surrounding the neurodegenerative or developmental origin of the observed changes in gray matter and WM and the relationship between them. Thus, some authors suggest that gray matter and WM involvement are independent processes (Antonini et al., 2004) , whereas others consider them to be related changes (Franc et al., 2012; Ota et al., 2006) . In that regard, Caso and colleagues (2014) argue that the effect of age on gray matter supports the hypothesis of a degenerative process and that the severe and widespread distribution of WM microstructural damage observed might be interpreted as a result of developmental changes. Other authors suggest the existence of accelerated or premature ageing in these patients (Caso et al., 2014; Minnerop et al., 2011) . Minnerop and colleagues (2011) propose that a decrease in FA associated with longer disease duration and higher age suggests the ongoing destruction of myelin and axonal loss over time. In contrast, Antonini and colleagues (2004) found a correlation between cortical atrophy and age but not with illness duration and hypothesized that DM1 is a neurodevelopmental disease that progresses with aging.
Cross-sectional studies such as ours are limited in their ability to evaluate evolutive changes. Only one long-term longitudinal study by Conforti and colleagues (2016) has been published. These authors reported progressive changes in WM involvement and brain atrophy, which varied from patient to patient, irrespective of age, disease duration, and genetic defect. Further studies will therefore be needed to clarify the interrelations between WM and gray matter pathology and whether these relations remain stable during the disease or change with age and duration of the disease.
This study presents other limitations. Thus, our analysis of the clinical data is limited by the lack of information concerning CGT repeats and disease duration. Moreover, intelligence quotient was not recorded and patients and controls were not matched by years of education, which might have influenced the neuropsychological assessment. The scores in the neuropsychological test were also processed as dichotomic variables, which could lead to bias in the analyses of correlation. Technical limitations related to the use of a 1.5 T unit in this study must also be pointed out.
To sum up, our study supports the idea that diffuse white damage is present and extends beyond the lesions visible in conventional MRI. Interestingly, and in contrast to Caso and colleagues (2014), we found a significant association between WMLs and changes in FA and MD, with these changes being correlated with the same neuropsychological abnormalities as the gray matter and WM abnormalities detected by DTI. These findings suggest that, in a clinical setting, WMLs may be a useful indirect marker of WM damage in these patients.
Conclusions
DM1 produces a widespread involvement of white matter and gray matter, including cortical and subcortical structures. These structural abnormalities are involved in the progressive neuropsychological functioning impairment in these patients.
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